
Muon Collider Cross Sections 

For √s < 500 GeV lepton collider

• threshold regions:
• top pairs 
• electroweak boson pairs 
• Zh production

• s-channel Higgs production:       

• coupling ∝ mass production

• narrow state   

• direct width measurement

[mµ

me

]2
= 4.28× 10 4

m(h) = 110 GeV : Γ = 2.8 MeV

m(h) = 120 GeV : Γ = 3.6 MeV

m(h) = 130 GeV : Γ = 5.0 MeV

m(h) = 140 GeV : Γ = 8.1 MeV

m(h) = 150 GeV : Γ = 17 MeV

m(h) = 160 GeV : Γ = 72 MeV

( requires muon collider)

Standard Model  
Cross Sections

E. Eichten, “The Basics of Muon Collider Physics”
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 For √s > 500 GeV                    

• Above SM thresholds:

• R essentially flat:  

 Luminosity Requirements                   

µ+µ−(20o cut) = 100

W+W− = 19.8

γγ = 3.77

Zγ = 3.32

tt̄ = 1.86

bb̄ = 1.28

e+e− = 1.13

ZZ = 0.75

Zh(120) = 0.124

R at √s = 3 TeV
O(αem

2)  O(αs0)  

σQED(µ+µ− → e+e−) =
4πα2

3s
=

86.8 fb

s(TeV2)

(one unit of R)

For example: 

L = 1034 cm−2sec−1

→ 100 fb−1year−1

√
s = 1.5 TeV ⇒    3860 events/unit of R

Total - 510 K SM events per year

Processes with R ≥ 0.01 can be studied

1 ab−1

100 fb−1

10 fb−1
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39. CROSS-SECTION FORMULAE
FOR SPECIFIC PROCESSES

Revised September 2005 by R.N. Cahn (LBNL).

Setting aside leptoproduction (for which, see Sec. 16), the cross sections of primary
interest are those with light incident particles, e+e−, γγ, qq, gq , gg, etc., where g and
q represent gluons and light quarks. The produced particles include both light particles
and heavy ones - t, W , Z, and the Higgs boson H. We provide the production cross
sections calculated within the Standard Model for several such processes.

39.1. Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner formula (Sec. 16
of this Review).

σ(E) =
2J + 1

(2S1 + 1)(2S2 + 1)
4π

k2

[
Γ2/4

(E − E0)2 + Γ2/4

]
BinBout, (39.1)

where E is the c.m. energy, J is the spin of the resonance, and the number of polarization
states of the two incident particles are 2S1 + 1 and 2S2 + 2. The c.m. momentum in
the initial state is k, E0 is the c.m. energy at the resonance, and Γ is the full width at
half maximum height of the resonance. The branching fraction for the resonance into
the initial-state channel is Bin and into the final-state channel is Bout. For a narrow
resonance, the factor in square brackets may be replaced by πΓδ(E − E0)/2.

39.2. Production of light particles

The production of point-like, spin-1/2 fermions in e+e− annihilation through a virtual
photon, e+e− → γ∗ → ff , at c.m. energy squared s is given by

dσ

dΩ
= Nc

α2

4s
β
[
1 + cos2 θ + (1 − β2) sin2 θ

]
Q2

f , (39.2)

where β is v/c for the produced fermions in the c.m., θ is the c.m. scattering angle, and
Qf is the charge of the fermion. The factor Nc is 1 for charged leptons and 3 for quarks.
In the ultrarelativistic limit, β → 1,

σ = NcQ
2
f
4πα2

3s
= NcQ

2
f

86.8 nb

s(GeV2)2
. (39.3)

The cross section for the annihilation of a qq pair into a distinct pair q′q′ through
a gluon is completely analogous up to color factors, with the replacement α → αs.
Treating all quarks as massless, averaging over the colors of the initial quarks and defining
t = −s sin2(θ/2), u = −s cos2(θ/2), one finds [1]

dσ

dΩ
(qq → q′q′) =

α2

9s

t2 + u2

s2 . (39.4)

Crossing symmetry gives

CITATION: W.-M. Yao et al., Journal of Physics G 33, 1 (2006)

available on the PDG WWW pages (URL: http://pdg.lbl.gov/) July 14, 2006 10:37

1√
2πσ

exp (−(E − E0)2

2σ2
)

Narrow resonances in lepton colliders play a vital role in precision studies

Universal behavior 

Convolute with 
beam spread 

→ ∆Ecm/Ecm = 2 ln(2)σ

State BR(µ+µ−) Γ/M

φ(1.019) 2.9× 10−4 3.98× 10−3

J/ψ(3.097) 5.9× 10−2 3.02× 10−5

Υ(9.460) 2.5× 10−2 5.71× 10−6

Z0(91.19) 3.4× 10−2 2.74× 10−2

h0(115) 2.5× 10−4 2.78× 10−5

Kaons CP V

1D - D±,0  3S - D, D*;  2D - Ds

4S - B factory,  tau, charm

precision tests - SM

Higgs couplings - EWif

Minimum Luminosity for Muon Collider

Assuming ∆Ecm/Ecm= 0.01%



• For a narrow resonance with 
2ΔEbeam /Γresonance << 1:

• For new gauge boson: Z’
• examples: SSM, E6, LRM
• 5σ discovery limits: 4-5 TeV        

at LHC (@ 300 fb-1)

Can use to set minimum required luminosity

The integrated luminosity required to produce 1000  
μ+μ- -> Z’ events on the peak 

Hence minimum luminosity -> 0.5-5.0 x 1030 cm-2 sec-1 
for M(Z’) -> 1.5-5.0 TeV 
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→ Rpeak = (2J + 1)3
B(µ+µ−)B(visible)

α2
EM



• Other new physics possibilities:
• Z(B-L)    L. Basso, A. Belyaev, S. Moretti and G. M. Pruna [arXiv:0903.4777v1]

• scalars: h, H0, A0,...  Large tan(β)  -- resolving nearby states: 
H0, A0  in decoupling limit

• ED: KK modes -- Br(μ+μ-) same as Z case
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Figure 3: Cross section for the process e+e− → X → µ+µ− cross section for the signal

(X = γ, Z, Z ′) and the SM background (X = γ, Z) plotted against
√

se+e− (notice here
the GeV scale) at a LC, for: 3a fixed MZ′ = 1 TeV, 3b fixed MZ′ = 3 TeV.

Mµµ: see Fig. 4 (for an illustrative combination of
√

se+e−, MZ′ and g′

1’s).

While the potential of future LCs in detecting Z ′ bosons of the B − L model is well
established whenever

√
se+e− ≥ MZ′, we would like to remark here upon the fact that,

even when
√

se+e− < MZ′, there is considerable scope to establish the presence of the
additional gauge boson, through the interference effects that do arise between the Z ′ and
SM sub-processes (Z and photon exchange). Even when the Z ′ resonance is beyond the

kinematic reach of the LC, significant deviations are nonetheless visible in the di-muon
line shape of the B −L scenario considered, with respect to the the SM case. This is well

illustrated in Figs. 5a–5b for the case of
√

se+e− held fixed and MZ′ variable (in terms of
absolute rates) and in Figs. 6a–6b for the case of MZ′ held fixed and

√
se+e− variable (in

terms of relative rates). Notice that in the studies presented in Figs. 5a–5b we have applied
a useful kinematical, cut Mµµ > 200 GeV, aimed at eliminating the production of a SM
Z-boson due to the radiative return mechanism as well as enhancing the aforementioned

interference effects. Incidentally, also notice that such strong interference effects do not
onset in the case of the LHC, as it can clearly be seen from Fig. 7, owing to smearing due

to the PDFs5.
In Figs. 5a–5b and Figs. 6a–6b we have assumed and indicated a 1% uncertainty band

on the SM predictions (which is quite conservative). Under the assumption that SM
di-muon production will be known with a 1% accuracy we would like to illustrate how

5See also Fig. 7 of Ref. [4].
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Figure 7: Differential cross section for the process pp → µ+µ− in the B−L model plotted
against Mµµ at the LHC (

√
spp = 14 TeV), with MZ′ = 1.5 TeV, using a 10 GeV binning.
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g’1 = 0.20 :  Γ/M = 0.84 %
g’1 = 0.10 :  Γ/M = 0.21 %
g’1 = 0.05 :  Γ/M = 0.05 %
g’1 = 0.02 :  Γ/M = 0.0084 %
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Fig. 6.4: Left: KK graviton excitations in the RS model produced in the process e+e− → µ+µ−. From the most narrow to

widest resonances, the curves are for 0.01 < c < 0.2. Right: Decay-angle distribution of the muons from G3 (3200 GeV)

→ µµ.

The resonance spectrum was chosen such that the first resonance G1 has a mass around 1.2 TeV,

just outside the reach of a TeV-class LC, and consequently the mass of the third resonance G3 will be

around 3.2 TeV, as shown in Fig. 6.4. The
√

s energy for the e+e− collisions of CLIC was taken to be
3.2 TeV in this study. Mainly the muon and photon decay modes of the graviton have been studied. The

events used to reconstruct the G3 resonance signal were selected via either two muons or two γ’s with
E > 1200 GeV and | cos θ| < 0.97. The background from overlaid two-photon events — on average

four events per bunch crossing — is typically important only for angles below 120 mrad, i.e. outside the

signal search region considered.

First we study the precision with which one can measure the shape, i.e. the c and M parameters,

of the observed new resonance. A scan similar to that of the Z at LEP was made for an integrated

luminosity of 1 ab−1. The precision with which the cross sections are measured allows one to determine

c to 0.2% andM to better than 0.1%.

Next we determine some key properties of the new resonance: the spin and the branching ratios.

The graviton is a spin-2 object, and Fig. 6.4 shows the decay angle of the fermions G → µµ for the G3

graviton, obtained using PYTHIA/SIMDET for 1 ab−1 of data, including the CLICmachine background.

The typical spin-2 structure of the decay angle of the resonance is clearly visible.

For gravitons as proposed in [7, 9] one expects BR(G → γγ)/BR(G → µµ) = 2. With the
present SIMDET simulation we get efficiencies in the mass peak (± 200 GeV) of 84% and 97% for

detecting the muon and photon decay modes, respectively. With cross sections of O(1 pb), σγγ and σµµ

can be determined to better than a per cent. Hence the ratio BR(G → γγ)/BR(G → µµ) can be
determined to an accuracy of 1% or better.

Finally, if the centre-of-mass energy of the collider is large enough to produce the first three

resonance states, one has the intriguing possibility to measure the graviton self-coupling via the G3 →
G1G1 decay [9]. The dominant decay mode will beG1 → gg or qq̄ giving a two-jet topology. Figure 6.5
shows the resulting spectacular event signature of four jets of about 500 GeV each in the detector (no

background is overlaid). These jets can be used to reconstruct G1. Figure 6.5 shows the reconstructed

G1 invariant mass. The histogram does not include the background, while the dots include 10 bunch

crossings of background overlaid on the signal events. Hence the mass of G1 can be well reconstructed

and is not significantly distorted by the γγ background.

141

• two parameters:                     
‣ mass scale ∝ first KK mode;           
‣ width ∝ 5D curvature / effective 4D 

Planck scale.



• new strong dynamics:  Bound state resonances 
resolve nearby states

• Fourth generation quarks - new QQ bound states.  

Figure 2: Cross sections for µ+µ− → ρT , ωT → e+e− for MρT
= 210 GeV

and MωT
= 211 GeV (higher-peaked curve) and 209 GeV. Statistical errors

only are shown for resolutions and luminosities described in the text. The
solid lines are the theoretical cross sections (perfect resolution).

given in terms of matrix elements of ∆ by

dσ(µ+µ− → ρ0
T , ωT → f̄ifi)

dz
=

Nfπα2

8s

{

(

|DiLL|2 + |DiRR|2
)

(1 + z)2

+
(

|DiLR|2 + |DiRL|2
)

(1 − z)2

}

; (10)

where

Diλλ′(s) = s
[

QiQµ ∆γγ(s) +
4

sin2 2θW

ζiλ ζµλ′ ∆ZZ(s)

+
2

sin 2θW

(

ζiλQµ∆Zγ(s) + Qiζµλ′∆γZ(s)
)]

.

(11)

8

B(μ+μ-) ≈ 6% -> Rpeak ≈ 104

Need fine resolution: Γ/M ≈ 5 x 10-6   

If |V4i| < 10-3:  



Abridged Parameter List

Machine 1.5-TeV µ+µ− 3.0-TeV µ+µ− CLIC 3 TeV

Lpeak [cm−2 s−1] 7 × 1034 8.2 × 1034 8 × 1034
tot

Lavg [cm−2 s−1] 3.0 × 1034 3.5 × 1034 3.1 × 1034
99%

∆p/p [%] 1 1 0.35

β! 0.5 cm 0.5 cm 35 µm

Turns / lifetime 2000 2400

Rep. rate [Hz] 65 32

Mean dipole field 10 T 10 T

Circumference [m] 2272 3842 33.2 km site

Bunch spacing 0.75 µs 1.28 µs 0.67 ns

Chris Quigg (Fermilab) Giant Steps LεµC · 12.2.2007 24 / 50



• What is the optimum search strategy for low 
luminosity? 

• Feasibility of 10 TeV at low luminosity?


